Staining procedure. Equal volumes of the cell suspension and buffer containing dye were mixed and refrigerated at 4 C. At desired time intervals, samples were taken and excess dye was removed rapidly by filtering the cell suspension through a 0.45-. Millipore filter pad. The cells were then washed with four portions of buffer normally of the same pH as that used for staining, and then eluted in a volume of buffer equal to the volume of the original sample. Because of difficulties in obtaining complete recovery of the bacteria, this method was not satisfactory for determining quantitatively the viability of cell cultures. Consequently, when both the intensity of staining and viability were to be determined, 10-ml portions of a cell suspension were centrifuged at 5,000 X g for 15 min. The pellet was suspended in buffer of the same pH as that used for staining. The cells were then washed three additional times by centrifugation in 10-ml portions of buffer, and suspended to the original volume in buffer. A sample of the washed on October 20, 2017 by guest
concentration of 10 Aug/ml, all cells were stained, the majority exhibiting intense fluorescence with little or no loss of viability noted. In preliminary experiments with Staphylococcus aureus, similar results were obtained. Of various other fluorescent dyes tested, only rhodamine isothiocyanate was found to give satisfactory staining.
A number of investigators (2, 3, 5, 7) have reported on the fluorescent staining of a variety of microorganisms with a series of organic chemicals referred to as optical brighteners, which under the proper conditions do not appear to interfere with cell growth.
In addition, Pital et al. (6) have recently described the direct labeling of bacteria with fluorescein isothiocyanate (FITC). However, these investigators did not report on the effect of this staining on cell viability.
The present report describes in detail the optimal conditions required for staining of Proteus mirabilis with FITC and the effect of FITC staining on cell viability. The staining potential of several other fluorescent dyes is also included along with preliminary experiments on staining of Staphylococcus aureus with FITC.
MATERIALS AND METHODS
Bacteria and culture methods. P. mirabilis 190 and S. aureus var. Smith, both of which have been maintained in this laboratory for a number of years, were empolyed. Cultures were grown at 37 C in Adams and Roe (1) medium for 18 to 24 hr, harvested by centrifugation, and washed twice with saline at 4 C. The cell suspensions were diluted in saline to give a 50% transmission reading at 550 m,u by use of a Lumetron colorimeter (Photovolt Corp., New York, N.Y.), and were either used immediately or stored at 4 C for periods of not more than 24 hr.
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Buffers and fluorescent dyes. To determine the effect of pH on staining, solutions of 0.1 M citric acid buffer (pH values of 3.0, 4.0, 5.0, and 6.0), 0.1 M tris-(hydroxymethyl)aminomethane (Tris)-hydrochloric acid buffer (pH 7.0, 8.0, and 9.0), and 0.1 M sodium bicarbonate buffer (pH 10.0) were prepared. FITC, rhodamine isothiocyanate, rosamine B'4 isothiocyanate, dimethyl naphthylene sulfonyl chloride, and fluorescein amine (Nutritional Biochemicals Corp., Cleveland, Ohio) were added in concentrations twice the desired final amounts to the various buffers, and the dye-buffer mixtures were stored for 1 to 2 hr at 4 C before use.
Staining procedure. Equal volumes of the cell suspension and buffer containing dye were mixed and refrigerated at 4 C. At desired time intervals, samples were taken and excess dye was removed rapidly by filtering the cell suspension through a 0.45-. Millipore filter pad. The cells were then washed with four portions of buffer normally of the same pH as that used for staining, and then eluted in a volume of buffer equal to the volume of the original sample. Because of difficulties in obtaining complete recovery of the bacteria, this method was not satisfactory for determining quantitatively the viability of cell cultures. Consequently, when both the intensity of staining and viability were to be determined, 10-ml portions of a cell suspension were centrifuged at 5,000 X g for 15 min. The pellet was suspended in buffer of the same pH as that used for staining. The cells were then washed three additional times by centrifugation in 10-ml portions of buffer, and suspended to the original volume in buffer. A sample of the washed GRUNBERG AND CLEELAND cell suspension was removed for examination for fluorescence; another portion was diluted serially 10-fold in saline, and 0.5-ml amounts of each dilution were added to duplicate petri plates containing a papain-digested agar medium prepared from Difco beef. The bacteria were distributed over the agar surface with bent glass rods, and the plates were incubated at 37 C for 18 hr. Colony counts were made, and plates having more than 30 but less than 300 colonies were used in estimating the number of viable bacteria. In most instances, the results of at least four experiments were used to determine the average number of viable cells per milliliter. Control preparations lacking only the fluorescent dye were treated in exactly the same manner.
Fluorescence microscopy. Samples of cell suspensions, stained under the different conditions, were examined in wet mounts under oil immersion. An American Optical fluorescence microscope with an HBO200 light source and dark-field condenser was used to determine staining. The exciter filter was Schott BG-12, 3 mm thick, and the barrier filter, Schott GG-1. Staining intensity was judged on the basis of an arbitrary scale from 0 to a maximum of 1.0. Several fields on a slide were always examined before staining intensity was judged to determine whether all cells showed similar fluorescence. To compare the number of cells in a field which were stained to those unstained, a ground glass slide was inserted in place of the exciter filter to obtain a white-light dark-field. Photography. Wet mounts were made, and bacteria which had seeped out from under the edge of the cover slip and were trapped by the immersion oil were photographed with Kodak contrast process ortho film exposed for 8 min.
RESULTS
Cell suspensions of P. mirabilis were incubated at 4 C with 100 ,g/ml of FITC at pH 9.0, since labeling with FITC is usually accomplished at pH 9.0 to 10.0. In addition, the cells were also stained at pH 5.0 to determine whether penetration of the dye might not be improved at an acid pH close to the bacterial isoelectric point. Samples were taken, excess dye was removed by washing by use of filtration, and staining was observed at intervals of 0, 1, 6, 24, and 48 hr. Figure 1 clearly demonstrates that, at pH 5.0, staining was rapid and reached a maximum within 6 hr. At pH 9.0, staining was more gradual, and maximal staining was not observed until 48 hr. Almost identical results were observed when S. aureus was stained under the same experimental conditions.
If the cells were examined without washing away excess soluble dye, staining of both P. mirabilis and S. aureus at pH 5.0 was intense within 5 min. However, washing within this time period with pH 5.0 buffer removed most of the dye from the cells. Washing after 10 min caused less of a reduction in staining. By 1 hr, the dye appeared more firmly bound and could only be partially removed by prolonged and exhaustive washing. After staining for 24 hr, the dye could no longer be removed from the cells by washing.
If, on the other hand, cells stained at pH 5.0 for 10 min were washed with pH 9.0 buffer, almost complete loss of fluorescence was observed. After 1-hr staining, the intensity was reduced by approximately 75%, and after 24 hr, by about 50%. Apparently, at pH 5.0, the dye initially was either loosely bound or reversibly adsorbed to the bacterial cells, and only after a sufficient incubation period was it no longer easily removed by washing.
At pH 9.0, staining of a small percentage of the cells was observed only after 1 hr and could not be diminished by washing with buffer of either pH 5.0 or 9.0, indicating that at this pH staining was the result of the dye becoming firmly bound to the cells. To determine what effect exposure for 24 hr to various concentrations of FITC would have on viability as well as staining, cell suspensions of P. mirabilis were incubated at 4 C in the presence of 1, 10, 100, and 1,000 ,ug/ml of FITC in buffer at either pH 5.0 or 9.0. Control preparations con- tained buffer without dye. Excess dye was removed by centrifugation, the cells were examined for staining, and plate counts were made to determine cell viability. Figure 3 shows that, at both pH values, as the dye concentration increased, staining intensity increased while cell viability decreased. The staining intensity at pH 9.0 was also consistently less than that observed at pH 5.0 at any given dye concentration.
Maximal viability in relation to appreciable staining was only obtained at pH 5.0 when the dye concentration was 10 ,ug/ml. At higher or lower dye concentrations, there was an inverse relationship between staining and cell viability. At pH 9.0, the results were similar, but the intensity of cell fluorescence was not as great as that at pH 5.0. At concentrations of 10 ,ug/ml or greater of FITC at either pH, all cells observed under darkfield were also shown to fluoresce; consequently, cell viability could not have been a function of unstained bacteria. There was, however, at any dye concentration above 1 ,ug/ml some variation in the fluorescence of different cells (Fig. 2) , and a small percentage only showed weak staining.
After incubation with 1 Ag/ml of FITC for 24 hr, cells showed either faint fluorescence or none at all.
From the above results, it was evident that staining at pH 5.0 was quantitatively different from staining at pH 9.0. Experiments were therefore carried out to determine the effect of pH over a wide range on both cell viability and staining (Fig. 4) . Maximal staining was seen at pH 5.0 to 6.0. Loss in staining intensity was observed at pH 4, 7, 8, 9, and 10, and only negligible staining was seen at pH 3.0. In contrast to the major differences in staining observed at the various pH levels, cell viability was quite constant from pH 4.0 to 10.0. As expected, viability was markedly lower at pH 3.0. Viability of control preparations containing no dye was almost identical with that of the test preparations. When acetate buffer was substituted for citrate at pH 5.0, or bicarbonate for Tris at pH 9.0, no difference in the staining pattern or intensity was noted, indicating that the effect observed was probably due to the hydrogen ion concentration.
In a limited number of tests, the staining and viability of S. aureus paralleled that observed with P. mirabilis at the different pH values. Experiments were then carried out to determine whether other fluorescent dyes would be comparable to FITC in their ability to stain Proteus cells. Cell suspensions were incubated with mine B'4 isothiocyanate, dimethyl naphthylene sulfonyl chloride, and fluorescein amine at pH 5.0 and 9.0 for 1, 24, and 48 hr at 4 C. In addition, rosamine B'4 isothiocyanate was tested at pH 3.0, because maximal fluorescence with this dye occurs at this pH value (4). At each time interval, samples were obtained, excess dye was removed by washing, and staining was evaluated. Table 1 shows that, when cells were incubated with rhodamine isothiocyanate at pH 5.0, the intensity was inferior to that seen with FITC. However, at pH 9.0, staining after 1 hr was superior to that noted with FITC and was comparable to that observed with FITC at pH 5.0. After 24-hr exposure at pH 9.0, the staining intensity with rhodamine was approximately equal to that obtained with FITC at either pH 5 The intensity of staining with FITC was not affected by increasing the temperature to 37 C at either pH 5.0 or 9.0. Cell suspensions killed by boiling or addition of formalin stained with FITC at pH 5.0 at the same intensity as viable cells. Cell suspensions prepared from P. mirabilis grown for 6, 24, 48, and 72 hr in Adams and Roe medium all showed similar staining with FITC at both pH 5.0 and 9.0, indicating that the age of the cell did not influence the staining reaction. Cells stained at pH 5.0 with FITC show no loss of intensity when stored for 1 month in a refrigerator.
DIscussIoN
Several observations may be made from the data presented. When staining of bacteria with FITC is carried out at pH 9.0, there appears to be a firm union between the dye and bacterial cell. This agrees with the results of Pital et al. (6) that, at pH 9.6, FITC couples with the protein of bacterial cells. However, the present data show that good fluorescence in the alkaline pH range occurs only at dye concentrations which markedly inhibit cell viability. On the other hand, when staining is carried out at pH values not commonly employed for tagging protein with FITC, namely pH 5.0, penetration and staining of cells is both rapid and reversible until a sufficient incubation time has elapsed. This suggests that, at pH 5.0, FITC is able to penetrate more freely into the bacterial cells and only slowly couples with the cell probably through the means of isothiocyanate linkage to cell protein. The ability of the dye to penetrate readily at pH 5.0 might account for the lower dye concentrations and reduced time required to obtain excellent staining, as compared with the results obtained at alkaline pH values. The need for less dye at the lower pH might also explain why little or no loss of cell viability occurs, yet staining of the cells is good to excellent.
Finally, the use of fluorescein and rhodamine isothiocyanate, as well as the various optical brighteners, offers the microbiologist a unique set of visual labels with differing color contrasts for staining bacteria in the viable and nonviable state.
